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Abstract
Recent results related to baryon productions with the full data set collected by Belle or BABAR are shown. These
include inclusive antideuteron production at Υ(nS ), branching fraction measurement of Λ+c → pK−π+, precision mea-
surements of the masses and widths of Σc(2455)0/++ and Σc(2520)0/++, searches for doubly charmed baryons/charmed
strange baryons, and exclusive ΛΛ¯ production atΥ(1S , 2S ) .
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1. Inclusive antideuteron production at Υ(nS) [1]
It is of general interests to search for antideuterons in
the outer space as a probe for dark matter annihilation
or anti-matter world. Previous experiments showed that
antideuterons can be produced in Υ decays which was
quite unexpected due to a much larger kinetic energy of
the valence quarks comparing with the nuclear binding
energy. Precise measurements of the related production
rates and momentum spectra are useful to understand
the production mechanism.
The BABAR collaboration used the data samples
collected near Υ(2S ), Υ(3S ) and Υ(4S ) to study an-
tideuteron production. Signal yield is estimated with
the ﬁt to the normalized residuals of the dE/dx infor-
mation for antideuteron candidates, as shown in Fig. 1
. The yields of the inclusive antideuteron production
in Υ(2S ), Υ(3S ) and Υ(4S ) decays can be obtained by
subtracting the properly rescaled yields in the Oﬀpeak
datasets from yields in the Onpeak ones. The number of
d’s is compatible with zero for Υ(4S ). We concluded
that the production of antideuteron is mainly via the
e+e− → qq process near Υ(4S ). To extract the signal
yield in Υ(1S ) decays, we used the π+π− recoil mass
spectrum of the Υ(2S ) dataset to identify Υ(1S ) candi-
dates from Υ(2S ) → Υ(1S )π+π−. The measured re-
sults are summarized in Table 1. It is interesting to
note that the d production rate is highly suppressed in
quark-dominated e+e− → qq comparing to the gluon-
dominated Υ(1S , 2S , 3S ) decays.
dE/dx Combined Residual
-8 -6 -4 -2 0 2 4 6 8
Ev
en
ts
 / 
( 0
.16
 )
0
50
100
150
200
250
300
350
Figure 1: Normalized residuals of the combined dE/dx for an-
tideuteron candidates in the Onpeak Υ(2S ) data sample, with ﬁt
p.d.f.’s superimposed. Entries have been weighted with the related
eﬃciencies from Monte Carlo (MC)simulation. The solid (blue) line
is the total ﬁt, the dashed (blue) line is the dsignal peak, and the dotted
(red) line is the background.
The momentum spectra of produced d’s are useful
for theoretical investigation. As an illustration, Fig. 2
shows the momentum spectrum of d’s in Υ(2S ) → dX
and a ﬁt to the ﬁreball model [3].
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Table 1: Total rates of antideuteron production. The ﬁrst uncertainties
listed are statistical, the second systematic. For comparison, we also
list the ratio of our measurement of the inclusive antideuteron cross
section to the cross section for hadronic production at a similar energy
evaluated from [2]. Here we only quote our own uncertainties, the
hadronic cross section itself has a 7% uncertainty.
Process Rate
B(Υ(3S )→ d¯X) (2.33 ± 0.15+0.31−0.28)×10−5B(Υ(2S )→ d¯X) (2.64 ± 0.11+0.26−0.21)×10−5B(Υ(1S )→ d¯X) (2.81 ± 0.49+0.20−0.24)×10−5
σ(e+e− → d¯X) ∼ Υ(4S ) (9.63 ± 0.41+1.17−1.01) fb
σ(e+e−→d¯X)
σ(e+e−→Hadrons) (3.01 ± 0.13+0.37−0.31) × 10−6
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Figure 2: Measured antideuteron diﬀerential spectra in Υ(2S ) decays.
The points with inner (black) error bars give the measurements and
their associated statistical uncertainties, the outer (red) error bars give
the quadratic sum of the statistical and systematic uncertainties, and
the dashed (blue) curves show the ﬁt to the functional form based on
the ﬁreball model.
2. Branching fraction measurement of Λ+c →
pK−π+ [4]
The decay process Λ+c → pK−π+ [5] is the most
common mode used to tag the charmed baryon in the
study of ﬂavor physics. It is also the calibration mode
for branching fraction measurements of the Λ+c de-
cays. However, the old world average [6] is B(Λ+c →
pK−π+) = (5.0 ± 1.3)% with a large uncertainty. The
Belle collaboration used a 978 fb−1data sample to pur-
sue a model-independent measurement of the absolute
branching fraction of Λ+c → pK−π+.
We use this missing mass spectrum of D(∗)−pπ+
from e+e− → D(∗)−pπ+Λ+c to determine the inclusively
tagged Λ+c yield. Only twelve decay modes from D
decays are reconstructed. The D∗ candidates are se-
lected by combining the D candidate and a slow pion
with a proper D∗ mass. To ensure there is no random
peaking background, we compare the right sign (RS)
D(∗)−pπ+ sample with the wrong sign (WS) sample,
namely D(∗)−pπ− and D(∗)+pπ−. The results are shown
in Fig. 3
We use the inclusively taggedΛ+c sample to positively
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Figure 3: The Mmiss(D
(∗)pπ) data distributions (points with error
bars) for inclusively reconstructed Λ+c baryons from the (a) RS and
(b) WS samples with superimposed ﬁt results (solid line). The con-
tributions of signal, combinatorial and missing D(∗)−pπ+Λ+c X back-
ground are shown with the dashed, dotted, and dashed-dotted lines,
respectively.
reconstruct Λ+c → pK−π+ signals, shown in Fig. 4.
Background subtraction is performed using the inclu-
sive Λ+c yields in the pre-deﬁned signal region and side-
band region. The branching fraction of the Λ+c →
pK−π+ decay is given by
B(Λ+c → pK−π+) =
N(Λ+c → pK−π+)
NΛcinc fbiasε(Λ
+
c → pK−π+)
(1)
where NΛcinc denotes the number of inclusively recon-
structed Λ+c baryons, N(Λ
+
c → pK−π+) is the num-
ber of reconstructed Λ+c → pK−π+ decays found in
the inclusive Λ+c sample, ε(Λ
+
c → pK−π+) represents
the reconstruction eﬃciency of Λ+c → pK−π+ decays
within the inclusive Λ+c sample, and fbias is a correc-
tion factor ∼ 1 which takes into account the depen-
dence of the inclusive Λ+c reconstruction eﬃciency on
the Λ+c decay mode. The measured branching fraction
is B(Λ+c → pK−π+) = (6.84 ± 0.24+0.21−0.27)% which rep-
resents a ﬁvefold improvement in precision comparing
with the old world average [6].
3. Precision measurements of the masses and widths
of Σc(2455)0/++ and Σc(2520)0/++ [7]
Many theoretical frameworks (e.g. lattice QCD,
heavy quark eﬀective theory, quark model, QCD sum
rule, bag model, etc.) are established to describe or
predict properties of hadrons. These properties in gen-
eral cannot be calculated by QCD due to the non-
perturbative limitation at low energy scale. The masses
and widths of the Σ0/++c baryons have been measured
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Figure 4: The M(pKπ) distribution of exclusively reconstructed
Λ+c → pK−π+ candidates within the inclusiveΛ+c sample. The dashed
(dotted) vertical lines indicate the borders of signal (SR) and sideband
(SB) regions.
by many experiments with a bit large uncertainties [6].
Due to the mass hierarchy between the d and u quarks,
Naively people would guess that the Σ0c (ddc) baryon
should be heavier than the Σ++c (uuc) baryon due to the
constituent valence quarks; however, the experimental
results contradict this expectation. To explain the dis-
crepancy, various models have been introduced and pre-
dict the mass splittings. Precise measurements of the
mass splittings are necessary to test these models.
The Belle collaboration used a data sample corre-
sponding to an integrated luminosity of 711 fb−1 to per-
form such measurements. The Σ0/++c baryons are re-
constructed via the Σ0/++c → Λ+c (→ pK−π+)π−/+s de-
cay channel, where πs denotes a slow pion. To remove
the feed-down background from excitedΛ+c baryons, we
add one extra track (h) with opposite charge against πs
to check the reconstructed mass diﬀerence between ex-
cited Λ+c and Λ
+
c . For example, the mass diﬀerence of
M(pK−π+π+s h−)−M(pK−π+) is shown in Fig. 5. Clear
Λc(2595)+ and Λc(2625)+ signals are seen. The excited
Λ+c candidates are properly weighted and subtracted in
the mass diﬀerence plots of M(pK−π+π−s ) − M(pK−π+)
and M(pK−π+π+s ) − M(pK−π+) , shown in Fig. 6.
We use binned maximum likelihood ﬁts in Fig. 6
to determine the mass splittings and widths of
Σc(2455)0/++ and Σc(2520)0/++. The signal shapes are
described by a relativistic Breit-Wigner function con-
volved with the detector response function. The random
background without a true Λ+c is estimated from the Λ
+
c
mass sideband. The random background with a true Λ+c
is modeled by a threshold function. The ﬁt results are
shown in table 2. Detailed studies on background sub-
traction, background validation, momentum calibration,
detector resolution, ﬁtting procedure....are carried out
in order to obtain the systematical uncertainties. These
measurements represent the most precise values to date.
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Figure 5: Mass diﬀerence of M(pK−π+π+s h−) − M(pK−π+). Tagged
events falling in the regions of the Λc(2595)+ (ﬁlled) and Λc(2625)+
(hatched) are properly weighted and subtracted in the mass diﬀerence
plot of M(pK−π+π+s ) − M(pK−π+).
4. Searches for doubly charmed baryons/charmed
strange baryons [8]
The hadron spectroscopy is well established in the
single-charmed baryon sector. However there are no
doubly-charmed baryons being observed experimen-
tally except the evidence reported by the SELEX collab-
oration for the Ξ+cc baryon. The lightest doubly-charmed
baryon consists of two charm quarks and one up or
down quark (Ξ+cc = ccd, Ξ
++
cc = ccu). The mass of the
Ξcc has been extensively studied theoretically and is pre-
dicted in the range from 3.48 GeV/c2 to 3.74 GeV/c2.
Both the Belle and BaBar collaboration searched for
the Ξ+(+)cc before and found no evidence. Upper limit on
the product of the production cross section and branch-
ing fractions of Ξcc was set depending on the decay
mode. It is at a few fb level.
The Belle collaboration reported an improved search
for the Ξcc in its weak decays to the Λ+c K
−π+(π+) and
Ξ0cπ
+(π+) ﬁnal states using a data sample with a total in-
tegrated luminosity of 980 fb−1. The same data sample
was also used to study charmed strange baryons since
the excited Ξ+c (Ξ
∗+
c ) states can decay to Λ
+
c K
−π+ and
Ξ0cπ
+.
We only present the results for the Λ+c K
−π+(π+) ﬁnal
state here. The Λ+c is reconstructed in the pK
−π+ and
pK0S decay modes. To suppress the combinatorial back-
ground, we impose a selection on the scaled momentum
xp = p∗/
√
s/4 − m2 > 0.5, where p∗ is the momentum
of a Ξcc candidate in the center-of-mass frame (CM), s
denotes the CM energy squared, and m is the mass of
the Ξcc candidate.
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Figure 6: Fits to the mass diﬀerences M(pK−π+π−s ) − M(pK−π+) (left) and M(pK−π+π+s ) − M(pK−π+) (right) obtained from data (points with
error bar) with the models (solid l ines) described in the text. The random backgrounds without true Λ+c baryons (long-dashed line) and the total
backgrounds (dashed lines) are shown as well. The peak near 185 MeV/c2 in the left plot is due to the Ξ0c → Λ+c π− decay. The ﬁt signal yields as
well as th e ﬁt χ2 per degree of freedom are indicated on the plots. The bottom histograms are the diﬀerences between the values of data and ﬁt
divided by the statistical uncertainties of data to illustrate the ﬁt quality.
Table 2: The measurements of the masses (M0) and the widths (Γ) of the Σc(2455)0/++ and Σc(2520)0/++ baryons. The ﬁrst error is statistical and
the second is systematic. The masses are calculated by adding the world average of Λ+c mass to the mass diﬀerences (ΔM0) and the third error is
the total uncertainty of the world average of Λ+c mass [6].
ΔM0 (MeV/c2) Γ (MeV/c2) M0 (MeV/c2)
Σc(2455)0 167.29 ± 0.01 ± 0.02 1.76 ± 0.04+0.09−0.21 2453.75 ± 0.01 ± 0.02 ± 0.14
Σc(2455)++ 167.51 ± 0.01 ± 0.02 1.84 ± 0.04+0.07−0.20 2453.97 ± 0.01 ± 0.02 ± 0.14
Σc(2520)0 231.98 ± 0.11 ± 0.04 15.41 ± 0.41+0.20−0.32 2518.44 ± 0.11 ± 0.04 ± 0.14
Σc(2520)++ 231.99 ± 0.10 ± 0.02 14.77 ± 0.25+0.18−0.30 2518.45 ± 0.10 ± 0.02 ± 0.14
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Figure 7 (a) and (b) show the M(Λ+c K
−π+) and
M(Λ+c K
−π+π+) distributions, respectively. No signiﬁ-
cant signal is found in the data for either Ξ+cc or Ξ
++
cc .
The statistical signiﬁcance for a given mass is evalu-
ated with an unbinned extended maximum likelihood
ﬁt. The probability density function for the signal is
described with signal MC generated for each given Ξcc
mass, whereas a third-order polynomial function is used
for the background. The statistical signiﬁcance is de-
ﬁned as
√−2 ln (L0/L), where L0 is the maximized
likelihood value from the ﬁt with the signal yield set at
0 andL is the best ﬁt value with the signal yield ﬂoated.
The signiﬁcance is evaluated for the Ξcc mass scanned
with a 1 MeV/c2 step in the search region and the 95%
C.L. upper limits for σB are shown in 7 (c) and (d) for
Ξ+cc and Ξ
++
cc , respectively.
We perform a search for the excited Ξ+c (Ξ
∗+
c ).
Here, we require xp to be greater than 0.7 which
can be compared with the reported BABAR selec-
tion p∗(Λ+c K−π+) >2.9 GeV/c, shown in Fig. 8 (a).
Figure 8 (b) shows the M(Λ+c π
+) distribution, where
contributions from the Σc(2455)++ and the Σc(2520)++
baryons are clearly visible. We select the Σc(2455)++
(Σc(2520)++) region by requiring |M(Λ+c π+) − mΣ++c | <
5 (18) MeV/c2, where mΣ++c is the nominal mass of
the Σc(2455)++ or Σc(2520)++. Figure 8 (c) shows the
M(Λ+c K
−π+) distribution for the Σc(2455)++ signal re-
gion together with the same plot for the Σc(2455)++
sideband region, deﬁned as |M(Λ+c π+) −mΣc(2455)++ ± 15
MeV/c2 | < 5 MeV/c2. Clear peaks corresponding to the
Ξc(2980)+, Ξc(3055)+ and Ξc(3080)+ are seen. The ﬁt
curve with Breit-Wigner functions convolved with de-
tector response function for resonances and threshold
function for background is also shown. The observa-
tion of Ξc(3055)+ conﬁrms the reported evidence [9]
by the BABAR collaboration. Figure 8 (d) shows the
M(Λ+c K
−π+) distribution for the Σc(2520)++ selected re-
gion together with the same plot for the Σc(2520)++
sideband region, deﬁned as |M(Λ+c π+) −mΣc(2520)++ ± 27
MeV/c2 | < 12 MeV/c2. A clear peak corresponding
to the Ξc(3080)+ is seen, while no peaking structure
is found in the mass near 3.123 GeV/c2 as reported by
BABAR [9].
5. Exclusive ΛΛ¯ production atΥ(1S, 2S)
Signiﬁcant enhancements in the inclusive production
of hyperons fromΥ(nS )→ gggwere found with respect
to e+e− → qq. It is of theoretical interests to under-
stand the production mechanism. However, studies of
baryon-antibaryon pair production have never been ex-
plicitly pursued for bottomonium states although such
incidence like antideuteron, a bound state of antiproton
and antineutron, already exists.
The Belle collaboration used the collected Υ(1S ) and
Υ(2S ) data samples for this study. The integrated lumi-
nosity is 5.8 fb−1 and 21.3 fb−1 for Υ(1S ) and Υ(2S ),
respectively. We exclusively reconstruct Υ(1S , 2S ) →
ΛΛ¯X, where X can be π+π−, K+K−, π+π−π0, K+K−π0,
π+π−π+π−, K+K−π+π−, .... upto 7 ﬁnal-state mesons
with at most one π0. The signal yield is determined
by a ﬁt to the spectrum of total reconstructed hadron
energy. The continuum peaking contribution is prop-
erly subtracted by comparing the Onpeak and Oﬀpeak
data samples. The measured branching fractions are of
the order of 10−6 - 10−5 with a trend that higher mul-
tiplicities in the ﬁnal state have bigger branching frac-
tions. There is an interesting feature of the observed
ΛΛ¯ mass spectra which all show signiﬁcant enhance-
ment near ΛΛ¯ mass threshold. The same phenomenon
has been observed before, for example, in B+ → ΛΛ¯K+
decays [10].
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Figure 7: Invariant mass distribution of the Ξcc candidates for (a) M(Λ+c K
−π+), (b) M(Λ+c K−π+π+); the vertical error bars are from data and the
dashed histogram are from signal MC for the Ξcc signal generated with a mass of 3.60 GeV/c2 and a production cross section σ(e+e− → Ξ+(+)cc X)
of 500 fb and B(Ξ+(+)cc → Λ+c K−π+(π+)) of 5%. 95% C.L. upper limit of σB as a function of the mass with a 1 MeV/c2 step for (c) Ξ+cc and (d) Ξ++cc .
Figure 8: (a) The p∗(Λ+c K−π+) distribution from data. (b) The M(Λ+c π+) distribution. The vertical lines show the selected regions of the Σc(2455)++
and Σc(2520)++. (c) The M(Λ+c K
−π+) distribution with Σc(2455)++ selection. The dots with error bars show the distribution for the Σc(2455)++
selected region whereas the rectangles show the distribution for the Σc(2455)++ sideband region. The solid line shows the ﬁt result. The dashed, dot-
ted, and dash-dotted lines show the contributions from the background, Ξc(3055)+, and Ξc(2980)+ or Ξc(3080)+, respectively. (d) The M(Λ+c K
−π+)
distribution with Σc(2520)++ selection. The dots with error bars show the distribution for Σc(2520)++ selected region whereas the rectangles show
the distribution for the Σc(2520)++ sideband region. The solid line shows the ﬁt result. The dashed, dotted, and dash-dotted lines show the
contributions from the background, Ξc(3123)+, and Ξc(3080)+, respectively.
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